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Abstract 
Significant effort has been undertaken to study the effects of engineered surfaces, such as those 
developed through laser texturing, and the potential tribological benefits that can arise. However, the 
theoretical models can be contradictory, and few good experimental studies of such systems exist. In 
this work, dimpled surfaces were created using laser surface texturing (LST) which were tested in a 
reciprocating wear tester.  Friction and wear coefficients were measured and compared to surfaces 
without dimples for both metal-on-metal and metal-on-plastic contacts. The geometry of the dimple to 
accommodate unidirectional sliding was considered.  The results showed a positive effect of surface 
texturing on the friction coefficients and wear rates of the textured surfaces, consistent with increased 
distance between asperities due to improvements in lubrication. 
 
Keywords: Laser texturing, friction, wear, tooling.  
1. Introduction 
Reduction of friction and wear through improved lubrication is a pressing concern in the design of 
tooling, and any technologies that improve the lubrication condition are therefore of great interest.  For 
example, Hector and Sheu [1993] performed an early study of laser texturing effects in metal rolling. 
They found an ability to control friction in the boundary lubrication regime, and were able to increase 
or decrease friction when desired. Indeed, decreasing friction through laser texturing is by far the most 
common goal and outcome in the technical literature, because of the ability to reduce adhesive contact 
forces and stiction in hard disk applications [Bhushan 2002]. However, the potential benefit of laser 
texturing to tribological systems such as seals or conformal bearings or cylinder linings is well-known. 
An outstanding recent review of laser texturing for machine element applications is given by Gropper 
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et al [2016], but it must be noted that manufacturing studies are not mentioned, and that the vast 
majority of papers address hydrodynamic lubrication. Metal forming is generally dominated by 
boundary or, at most, mixed lubrication, because of the adverse effect of surface roughening or orange 
peel.  
A number of mechanisms have been proposed for the effect of laser texturing. These include: 
• A surface-induced entrainment, based on the approach first suggested by Patir and Cheng 
[1978], wherein the surface causes additional entrainment of lubricant. 
• Material transfer from the non-textured surface to dimples, thereby preventing three-body 
wear and abrasive friction associated with wear particles. 
• A percolation mechanism, proposed by Lo [1994] and experimentally demonstrated by Ceron 
et al [2012], involving in-process flattening of asperities on workpieces. The deformation of 
dimples causes fluid to be forced into the surrounding plateau, resulting in an improved 
lubrication condition. Lo [1994] referred to this lubrication process as percolation. 
• A penetration of tooling asperities by plastically deforming asperities [1Hector and Sheu 
1993]. The displaced volume of lubricant also percolates and provides lubrication to the 
surrounding plateau. 
In bulk or sheet forming operations, there is therefore a plethora of theoretical approaches to explain 
the impact of laser texturing on performance. There is a firm experimental and demonstration basis to 
confirm that friction can be drastically increased with texturing; there is evidence that this can also 
have a beneficial effect for full film lubrication. It is not clear that texturing helps for boundary or 
mixed lubrication cases. The work of Ceron et al [2012] is considered to be correct and convincing. 
However, Wang and Zhu [2005] suggested that textured surfaces are always inferior to polished or 
honed surfaces, but for hydrodynamic lubrication the dimple density should be around 5% of the 
surface, much lower than is generally used.  
 The approach of this research is to investigate the potential reductions in friction and wear through 
an increase of lubricant entrainment in the area of contact. To do so, surfaces with an assymetric 
engineered surface such as proposed by Hector and Sheu [1993] for rolling will be used, but the 
sliding will involve unidirectional sliding as would occur in sheet forming or forging.   
2. Experimental Efforts 
2.1 Fabrication of Specimens 
Metal specimens were fabricated from a cobalt-chromium-molybdenum alloy used in wear testing, 
composed of 26-30% Cr, 5-7% Mo, 0.2-0.3% C, 0.15-0.2% N, and Co balance; this material is known 
as CCM+.    For this study, 28.6 mm diameter pucks were cut from bar stock, ground, and polished to 
a surface roughness of Ra<0.05 µm.  Pins 6.35 mm in diameter and 50 mm long were cut from bar 
stock using wire EDM, turned on a lathe to add an end radius, and polished to a surface roughness of 
Ra<0.05 µm.  Pins 6.35 mm in diameter and 50 mm long also made from pure ultra-high molecular 
weight polyethylene (UHMWPE). These dimensions were chosen because they were readily available 
in the laboratory and are used for unrelated orthopedics wear research. 
 Surface texturing of the pucks was performed with a Telesis Eclipse® Nd:YAG marking laser. 
Textured surfaces consisted of hemispherical dimples roughly 80-100 µm in diameter and 6-10 µm 
deep, and the dimples were ordered in the Hector and Sheu [1993] hexagonal pattern that had 
previously improved the tribological properties of rolling mills.  If the work piece was divided into a 
tessellation of imaginary regular hexagons with side lengths of 250 µm, a dimple was located at the 
center and vertices of each hexagon.  If laser texturing is beneficial, then there should be an 
improvement with a useful pattern, but further work on optimization can be performed.  
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 A critical element with laser textures is the rim. Since the rim is very aggressive, this feature 
provides high friction when desired, but is detrimental for lubrication conditions. The rims left by the 
laser machining were removed using a buffing cloth and grinder.  The process continued until all rims 
were totally removed.  To verify dimple dimensions after laser texturing and to ensure total rim 
removal, the surfaces were examined with a WYKO NT8000 optical profilometer.  
 
2.2 Experimental Setup 
 
All friction and wear tests were performed on a CETR Universal Materials Tester (UMT) set up for 
reciprocating motion (Fig. 1).  This machine is designed to operate in displacement control using a 
feedback system to ensure the proper load is applied; however, when being operated in high speeds 
(over 30Hz) the feedback system was unable to maintain a steady load.  The system was therefore 
modified to run in load control by disconnecting the displacement controlling motor. Different load 
configurations were obtained by adding weights to the top of the stage.  All tests were dong using the 
UMT's reciprocating pin-on-flat configuration.  In this configuration, the upper specimen remains 
stationary while the lower table oscillates linearly with an adjustable stroke length, set in these 
experiments to be 16mm.  The UMT software controls the frequency of oscillation of the lower 
specimen while collecting and recording data on the normal load, the frictional force, the position of 
the motor, and the time elapsed.  Data points were sampled at 100 Hz during friction tests and at 10 
Hz during wear tests. 
 
 
 
 
  
(a) (b) 
Figure 1: (a) Simplified model of reciprocating test set up. (b) The CETR Universal MicroTribometer. 
 
 
 
All experiments were done with either polished or textured lower specimens made of CCM+ (Fig. 
2).  Tests were conducted in standard pressure from 0.2 to 1 MPa and lubricated with either  Norpar 
15® or Krytox® 143AB.   For comparison purposes, the kinematic viscosities for Norpar and Krytox 
are 3.0 and 230 cSt, respectively. Tests using a metal upper specimen of CCM+ were run using two 
hundred and seventy different combinations pin radii, sliding speed, normal load, lubricant, and 
texturing.  Each test was repeated three times for a total of eight hundred and ten friction tests.  Three 
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pin radii were examined: full radius (3.18 mm, or half the width of the pin), a flat or infinite radius, 
and another of 63.5 mm.  The 63.5 mm radius pins were chosen based upon a previous study [8], 
while the other two values were picked as limiting cases.  Likewise, five operating speeds (frequencies 
of oscillation), 0.42, 0.83, 1.67, 3.33, and 6.67 Hz, were examined, corresponding to average 
velocities of: 6.72, 13.28, 26.72, 53.28, and 106.72 mm/s, respectively.  Three normal loads (50, 90, 
and 130N) were also applied.  Each combination of parameters was evaluated for a full minute before 
any parameters were changed, and each set of parameters was evaluated for each tribopair.   
 
Figure 2: (a) Polished CCM+ specimen; (b) detailed photomicrograph of the polished surface 
texture. 
 
 
Figure 3 illustrates the Hector-Sheu pattern used in this research.  Figure 4 documents rim removal 
procedures. In Figure 4a, the specimen has been produced but the rims associated with laser texturing 
are still present. Rim removal has been demonstrated by polishing (Fig. 4b), chemical etching and 
ultrasonic cleaning (Fig. 4c) and isotropic super finishing (Fig 4c). Details for process parameters are 
given in Li [9]. The goal of the current research was to measure the benefit of rim-free dimples; all of 
the methods are apparently equivalent. Therefore, the rims were removed through careful polishing, 
since this was the most economical process.  
 
 
Figure 3: Section of a laser textured pattern produced by Hector and Sheu [1993], and used as the 
profile geometry in this research.  

 0.5 mm
 
(a) (b)
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Figure 4: Rim removal. (a) A laser cut dimple, prior to rim removal; (b) rim removal via polishing; (c) 
rim removal via chemical etching/ultrasonic cleaning; (d) rim removal via isotropic super finishing. 
 
 
 
Friction tests were also conducted using a pin made of UHMWPE as the upper specimen.  These 
tests used only ninety unique combinations of parameters, each repeated three times for a total of two 
hundred and seventy tests.  Textured and polished lower specimens were again tested using the same 
range of pin radii, normal load, and frequency of the oscillation as for metal-on-metal testing.  The 
only lubricant used for these tribopairs was bovine synovial fluid.   
For wear testing, a single constant load of 13 kg was applied and a single frequency of 1 Hz was 
used, for an average velocity of 36mm/s.    To avoid lubricant degradation issues, new lubricant had to 
be added whenever a data point was collected.  Upon reassembly, specimen location and orientation 
were maintained via locating pins and fixtures.  This eliminated the possibility of introducing bi-
directional sliding that could adversely affect the results. 
Metal-on-metal tests were run for 300,000 cycles and a minimum of four data points was taken for 
each test.  Four tests were run for both the laser textured and the benchmark polished surfaces. 
Eight specimens were also evaluated for plastic-on-metal contacts; four tests were run on 
benchmark polished surfaces, and four tests were run on laser textured surfaces.  The tests were each 
run for a total of 1,200,000 cycles.  Measurements of volumetric wear were taken every 75,000 cycles 
during the first 300,000 cycles, and every 225,000 cycles for the remainder of the tests. 
 
 
  

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3. Experimental Results 
3.1 Friction Measurements 
The performance of each type of surface was compared by plotting friction coefficient as a 
function of frequency (sliding speed) for each combination of pin radii and load.  These plots can be 
thought of as pseudo-Stribeck curves showing the change in friction coefficient as speed increases.  
Stribeck curves are useful analysis tools that allow easy understanding of the effects of variables on 
the regime of lubrication.  In this case, we see the effects of increasing sliding speed on the coefficient 
of friction.  In the prototypical Stribeck curve, there is a high friction portion at low speeds 
corresponding to boundary lubrication, a sharply decreasing section corresponding to mixed 
lubrication, and a long slowly rising section corresponding to hydrodynamic lubrication.  By 
comparing the results of the friction tests with the typical Stribeck curve, it is possible to qualitatively 
determine the regime of lubrication of the sample tribopair.   
Krytox is a high viscosity lubricant, so it was expected that most of these test would fall into the 
full film lubrication regime.  This regime is typified by complete separation of asperities and hence 
has very little friction or wear.  While most tests run with Krytox had very little statistical difference in 
performance of the textured surfaces under low loads, (Fig. 5a) there were some for which textured 
surfaces showed slightly lower friction when at low speeds, and this difference became noticeable for 
higher loads (Fig. 5b). 
 
 
  
(a) (b) 
Figure 5: Coefficient of friction as a function of reciprocating frequency using a high-viscosity 
lubricant (Krytox). (a) Normal load of 90 N; (b) normal load of 130 N. 
 
 
 
Norpar 15 is a very low viscosity  lubricants, and so it was hoped that more differentiation would 
occur between the textured surfaces and the polished surfaces inside the testing design space.  Figure 6 
shows that while the means are not completely statistically significant, the decrease in lubricant 
viscosity has increased friction, especially at low speeds for the polished specimen.  The decreasing 
coefficient of friction that levels off at higher speeds is consistent with mixed lubrication that is more 
hydrodynamic than boundary.  The textured surface not only has lower friction, but also reaches the 
hydrodynamic region sooner. Here again the textured surface reaches the hydrodynamic zone sooner 
than the polished surface.  For both cases, at high speeds there is no statistical difference between the 
two surfaces, while at low speeds the textured surface performs better. 
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(a) (b) 
 
 
Figure 6: Coefficient of friction as a function of reciprocating frequency using a low-viscosity 
lubricant (Norpar-18). (a) Normal load of 90 N; (b) normal load of 130 N. 
 
 
 
Another way to see all the data at once is to plot the coefficient of friction vs. a modified Hersey 
number (Fig. 7).  The modified Hersey number is obtained by taking the product of the maximum 
velocity, tip radius, and lubricant viscosity divided by the load.  This graph understandably has 
significant scatter, but the textured surfaces are not only generally lower, but show much greater 
repeatability. The friction tests can be explained by percolating effects [Lo 1994].  Higher pressure 
causes higher local surface deformations that reduce the volume of dimples.  Lubricant in these 
dimples is then forced into the area of contact, increasing the film thickness and decreasing the 
asperity interactions that cause friction and wear.   
 
 
 
 
Figure 7: Friction coefficient as a function of Hersey number. 
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3.2  Wear Tests 
 
3.2.1 Metal on Metal 
 
It is important to understand the impact of laser texturing on the useful life of tooling, especially if 
the textures are not especially robust or durable. The volumetric wear rates of metal on metal wear 
testing can be seen in Fig. 8.  As can be seen, there is no accelerated wear associated with a laser 
textured surface with rims properly removed. The improvement of the textured surface is not dramatic, 
but there are encouraging trends.  For the first 225,000 cycles, there is no statistical difference between 
the textured and polished surfaces, but at 300,000 cycles the textured surface wear rate begins to drop, 
while the polished surface wear rate still increases.  This is an indication that the textured tribopair has 
completed a “wearing in” process, and is approaching steady state wear.  The faster transition to a 
lower steady state wear rate is a sign of increased tribological performance through adding surface 
texturing. 
  
A very promising result that was demonstrated in our laboratory will be briefly mentioned, as it is 
applicable to some manufacturing applications where a polymer coating is applied to a workpiece, or 
where a soft solid lubricant is used. It has been found that the polymers will have a more dramatic 
benefit associated with lubrication, apparently using the penetration mechanism proposed by Hector 
and Sheu [1993]. The volumetric wear for polyethylene bearing against a textured surface is shown in 
Fig. 9. 
 
Figure 8. Metal-on-Metal Volumetric wear rate 
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4.  Discussion 
 
In the present study, surface texturing was investigated as a potential improvement in the friction and 
wear performance of tooling for forging and sheet forming.  While for friction tests the results were 
mixed, the wear performance shows a marked improvement.  
 The wear tests show that the textured surfaces and the polished surfaces show similar low wear up 
to 300,000 cycles, and then the polished surfaces begin to wear at an increasingly higher rate.  
Inspection of the surfaces themselves show that at 300,000 cycles the initial machining marks from the 
manufacture of the benchmark pins has disappeared and wear becomes more aggressive, while traces 
of the machining marks can still be seen on pins used on textured surfaces at testing times of up to 
1,000,000 cycles.  This also suggests that the surface texturing is causing a percolating effect that 
increases film thickness. 
 
 
5. Conclusions 
 
Laser texturing is a viable option for reducing friction in lubricated contacts, especially for those in the 
boundary or mixed lubrication regimes. There seems to be little benefit for full film lubrication, but 
this is of less interest in manufacturing. By carefully removing the rims from laser texturing, a surface 
can be produced that has not only lower friction values at low sliding speeds, but more repeatable 
friction. It was also found that the presence of a texture did not increase wear rates, and for some 
systems led to a considerable reduction in wear. 
 
 
  
Figure 9. Volumetric wear on textured and benchmark (polished) surfaces 
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